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Abstract We used the Lyon-Fedder-Mobarry global magnetohydrodynamics model to study the effects
of the interplanetary magnetic field (IMF) By component on the coupling between the solar wind and
magnetosphere-ionosphere system. When the IMF reconnects with the terrestrial magnetic field with IMF
By ≠ 0, flux transport is asymmetrically distributed between the two hemispheres. We describe how By
is induced in the closed magnetosphere on both the dayside and nightside and present the governing
equations. The magnetosphere imposes asymmetric forces on the ionosphere, and the effects on the
ionospheric flow are characterized by distorted convection cell patterns, often referred to as “banana”
and “orange” cell patterns. The flux asymmetrically added to the lobes results in a nonuniform induced By
in the closed magnetosphere. By including the dynamics of the system, we introduce a mechanism that
predicts asymmetric Birkeland currents at conjugate foot points. Asymmetric Birkeland currents are created
as a consequence of y directed tension contained in the return flow. Associated with these currents,
we expect fast localized ionospheric azimuthal flows present in one hemisphere but not necessarily in
the other. We also present current density measurements from Active Magnetosphere and Planetary
Electrodynamics Response Experiment that are consistent with this picture. We argue that the induced
By produces asymmetrical Birkeland currents as a consequence of asymmetric stress balance between
the hemispheres. Such an asymmetry will also lead to asymmetrical foot points and asymmetries in the
azimuthal flow in the ionosphere. These phenomena should therefore be treated in a unified way.
1. Introduction
The large-scale dynamics and morphology of the magnetosphere are primarily driven by dayside reconnec-
tion between the geomagnetic field and the interplanetary magnetic field (IMF) embedded in the solar wind.
Dungey [1961] postulated that during southward directed IMF, reconnection would occur on the dayside,
merging the terrestrial and the IMF and transferring magnetic flux from the dayside to the nightside. In the
magnetotail, open flux transported from the dayside merges again and constitutes a second reconnection
region. The cycle is completed when the flux is convected back to the dayside by the return flow. For purely
southward directed IMF thismechanism can be assumed to produce symmetric ionospheric convection flows
and a near-symmetric configuration in the magnetosphere between the northern and southern lobes.
The solar wind’s IMF By component is believed to be the cause of a number of asymmetric features in both the
magnetosphere and ionosphere [e.g.,Walsh et al., 2014]. In the presence of an IMF By component the location
of the dayside reconnection site on the magnetopause changes (see Figures 1a and 1b or, e.g., Wing et al.
[1995]). Park et al. [2006] found that for a finite IMF By , the dayside reconnection site moves from the subsolar
point, toward high-latitude flanks, and concluded that antiparallel reconnection is dominant over component
reconnection for such conditions, illustrated in Figures 1a and 1b. Also, reconnection nowproduces field lines
which no longer convect in a purely antisunward direction but are instead deflected toward the dusk and
dawn by the magnetic tension [Cowley, 1981]. This additional azimuthal flow on the dayside is added to the
antisunward flow produced by the solar wind flow carrying open magnetic field lines.
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Figure 1. (a) Conceptual sketch of IMF (black lines) reconnection with the geomagnetic field (blue lines) when the IMF
has a 135∘ clock angle. The figure serves as an illustration of the topology in the presence of IMF By . We assume purely
antiparallel reconnection [Park et al., 2006]. Reconnection produces field lines which no longer convect in a purely
antisunward direction; instead, they are deflected toward the dusk and dawn by the magnetic tension. (b) Reconnection
geometry altered by induced By on the closed dayside field lines. (c) Asymmetric entry of magnetic flux in the lobes
during positive IMF By conditions [Khurana et al., 1996; Liou and Newell, 2010].
In the ionosphere the original two cells are distorted into “banana”-shaped and “orange”-shaped convection
regions. For positive By conditions a banana-shaped convection cell is observed in the dawn region and a
rounder orange-shaped cell in the dusk region in the Northern Hemisphere. For negative By this is reversed.
The convection pattern in the Southern Hemisphere is essentially amirror image of the Northern Hemisphere
with respect to the noon-midnightmeridian [Cowley, 1981; Provanetal., 2009; Kabin et al., 2003]. The influence
of IMF sector structure on the magnetic disturbances in the ionosphere was first shown by Svalgaard [1968]
and Mansurov [1969]. Later, Friis-Christensen et al. [1972] attributed the observed behavior to the effect of
IMF By .
Inside the closed magnetosphere a y component (or dawn/dusk) of the magnetic field arises, with the same
direction as the component in the solar wind. What is often expressed as “penetration” of IMF By is a mislead-
ing term [e.g., Kozlovsky, 2003; Petrukovich, 2011]. Instead, we suggest to call it an induced By [e.g., Khurana
et al., 1996]. The term induced is used to explain the mechanism and processes leading to the By component
inside the closed magnetosphere. A physical process such as dayside magnetic reconnection is needed to
have the external By mapped into the system. Through plasma interactions (asymmetric lobe pressure and
flux transport) a By component of the same sign as the external field is induced in the closedmagnetosphere.
By calling it induced we imply that it is not simply a result of vacuum superposition, where the magnitude in
different regions is determined by the amount of “shielding” from the IMF By related penetration electric field,
as often seen in the literature [e.g., Kullen and Blomberg, 1996; Walker et al., 1999; Kozlovsky, 2003]. Hau and
Erickson [1995] explained the asymmetric velocity vy in the magnetosphere as due to a north-south electric
field component in the solar wind which “penetrates” the tail, thereby causing the flow. The electric field has
no power of penetration to drive themotion of the plasma; thus, an externally imposed electric field is unable
to “penetrate” into the plasma [Parker, 1996; Song and Vasyliunas, 2011; Vasyliunas, 2012].
How By arises in the closedmagnetosphere and the consequences are still debated. To our knowledge Cowley
[1981] was the first to suggest that the post-reconnected field lines on the dayside were added preferen-
tially to different magnetospheric regions (e.g., northern dawn and southern dusk for IMF By > 0). Whether
By on closed field lines follows from the reconnection process in the magnetotail [Hau and Erickson, 1995;
Cowley, 1981; Stenbaek-Nielsen and Otto, 1997; Østgaard et al., 2004] or if the asymmetric loading of open
flux also influences closed field lines [Khurana et al., 1996] is still debated. Khurana et al. [1996] suggested
that through asymmetric loading of flux into the different magnetospheric lobes, the shear flow (y directed)
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between northern and southern halves of the plasma sheet could generate a By component on closed field
lines (see Figure 1c).
A relationship between interplanetarymagnetic field (IMF) By and an induced By component in differentmag-
netospheric regions has been established statistically [Fairfield, 1979; Cowley and Hughes, 1983; Lui, 1984;
Kaymaz et al., 1994; Cao et al., 2014; Stenbaek-Nielsen andOtto, 1997;Wing et al., 1995; Petrukovich et al., 2005]
and shows that the induced By is not distributed uniformly in the closed magnetosphere. Wing et al. [1995]
found that a fraction of the IMF By component appeared at all local times but stressed that it was strongest
near local noon and midnight. Kaymaz et al. [1994] showed that the induced By can be as large as 35% of the
IMF By at the flanks, compared to 26% at the central portion of the plasma sheet. Stenbaek-Nielsen and Otto
[1997] argued that during the evolution of a flux tubemoving from the tail toward the Earth, fluxwill be accu-
mulated (pileup) and thereby generate a region of enhanced By . We note that the asymmetries exist on both
open and closed field lines.
The effects of the induced By have been extensively studied. The substorm onset location [Liou and Newell,
2010; Liou et al., 2001; Østgaard et al., 2011a] has been found to exhibit a longitudinal dependence on
the presence of IMF By . A number of auroral studies have shown that there are systematic displacements
and intensity differences [e.g., Reistad et al., 2014; Cowley, 1981] in the aurora in the two hemispheres. The
longitudinal displacement of aurora between the two hemispheres has been shown to correlate with IMF
By [see Østgaard et al., 2007, and references therein]. It is now generally accepted that aurora is a manifes-
tation of Birkeland (field-aligned) currents [Strangeway, 2012]. Based on concurrent observations of the IMF
orientation, Stenbaek-NielsenandOtto [1997] haveproposedamechanism forhow IMFBy cangive rise to inter-
hemispheric currents between the two hemispheres. We present and discuss their mechanism in section 3.
Østgaard and Laundal [2012] proposed that this mechanism could explain some of the nonconjugate auroral
observations.
Milan [2015] has previously discussed the contributions of magnetic tension forces and asymmetri-
cal loading of the lobes with new open flux to produce dawn-dusk asymmetries in flows in the
magnetosphere-ionosphere system; the current paper investigates these influences fromamathematical and
modeling perspective. Our motivation for the present work is to address how the presence of IMF By changes
the dynamics and configuration in the magnetosphere. Furthermore, we investigate the consequences that
follow in terms of induced By , asymmetric Birkeland currents, and associated convection patterns. We believe
that these asymmetric azimuthal flows in both the dayside and nightside should be accompanied with
nonconjugate aurora.
The paper is organized as follows: section 2 gives a theoretical background of the forces responsible for the
evolution of By and vy and their interdependency. Section 3 describes how IMF By induces By on closed field
lines in the magnetosphere. We show how the forces are distributed and describe which forces are domi-
nating in the different regions. We also discuss how convection cell patterns are modulated by the presence
of IMF By . Results from our magnetohydrodynamics (MHD) model run are related to the equations intro-
duced in section 2. In section 4 we introduce a mechanism that predicts asymmetric Birkeland currents on
the same field line and argue that these are pairs of Birkeland currents instead of “interhemispheric” currents.
In section 5 we present statistical data from Active Magnetosphere and Planetary Electrodynamics Response
Experiment (AMPERE) and compare it to expected signatures from our mechanism. In section 6 we dis-
cuss the response time of the nightside magnetosphere with respect to the arrival of IMF By at the dayside
magnetopause.
2. Theoretical Background
In this sectionwe describe the governingMHD equations relevant for understanding how By is induced in the
magnetosphere.
MHD can be expressed by a set of coupled interdependent dynamical equations. We use the momentum
equation to determine how the forces can affect the flow and show how asymmetric transport of flux leads
to an induced By . This induced By can again of course affect the flow, as the momentum equation is coupled
with the induction equation. Apart from energy dissipation through Ohmic heating, magnetic stress remains
stored in the system in the form of magnetic energy. The induced By in the magnetosphere can therefore be
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explained as a simple shovingmatch between stresses. Themomentumequation can bewritten as [cf. Parker,
1996, 2007]
휌
dvi
dt
= 휕
휕xj
Mij −
휕
휕xj
Pij
= 1
휇0
(
휕
휕xj
(BiBj) −
1
2
훿ij
휕
휕xj
B2
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(1)
whereMij , Pij , 휌, and v are the Maxwell stress tensor, pressure tensor, mass density, and velocity, respectively.
The induced By in the magnetosphere can be understood in terms of the magnetic forces acting on plasma.
In the following equations we consider how themagnetic field and the flow aremodulated in the y direction.
We focus on the y components since the additional forcing arising from IMF By acts primarily in this direction.
The evolution of vy , considering electromagnetic forces alone, is (assuming that the plasma pressure in the
lobes is negligible)
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Mij has been expanded to four terms, the two first terms describe the tension along the field lines, and the
two last magnetic pressure. The tension is related to the field line curvature: T⃗ = 휕
휕xj
(BiBj) = B2
n̂
RC
, where
RC is the radius of curvature of the field line and n̂ is unit vector pointing away from the center of curvature.
For self-consistency we also need an equation to determine the evolution of the magnetic field, found by
combining the Maxwell-Faraday equation with the conservation of mass:
dB⃗
dt
= (B⃗ ⋅ ∇)v⃗ + B⃗
휌
d휌
dt
(3)
where we have used E⃗ = −v⃗ × B⃗ and the convective derivative is defined as d
dt
= 휕
휕t
+ v⃗ ⋅∇. The y component
of equation (3) can be expressed as
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=
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휕
휕x
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휕
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휕
휕z
)
vy +
By
휌
d휌
dt
(4)
The three first terms on the right-hand side describe how vy can change the magnetic field over time. These
terms dominate when the assumption of incompressible flow holds. The assumption should be valid as long
as density gradients are small (uniform flow) and the driving of the system can be considered steady (steady
flow). We consider these terms to dominate in the outer magnetosphere [Escoubet et al., 1997; Laakso et al.,
2002]. Considering regionswhere By has not yet been induced, the second term is negligible. In these regions,
the induced By is attributed to the three remaining terms. The shear flow (flow induced by a force), vy , is
determined by equation (1).
The fourth term tells us that the change of B can be caused by compressing or expanding the plasma [Hau
and Erickson, 1995]. This term becomes important in the inner magnetosphere. This can be used to explain
what is called “pileup” of magnetic flux. As a magnetic field line is convected closer to Earth from the tail,
themass density increases with themagnetic field strength. Stenbaek-Nielsen andOtto [1997] suggested that
since the magnetic field strength increases as the field lines convect earthward, and consequently also its By
component, an interhemispheric current would arise due to the gradient in the x direction of the By . However,
we will argue that this is not correct.
3. Generation of By in the Magnetosphere
In this section we present results from the Lyon-Fedder-Mobarry (LFM) [Lyon et al., 2004; Merkin and Lyon,
2010] global MHD model. We interpret the results in terms of the forces acting to produce a By component
in the magnetosphere and relate them to the equations introduced in section 2. The LFM model provides
a self-consistent model of the global magnetosphere. Even though the model is based on the equations
of ideal MHD, it has proven to be an extremely useful tool for studying the large-scale dynamics of the
magnetospheric system [Ridley et al., 2010]. Due to the lack of resistivity, magnetic reconnection does not
exist in ideal MHD. Instead, diffusion is introduced by numerical effects, which comes about when magnetic
field gradient scale length approaches the computational grid size [Lyon et al., 2004; Ouellette et al., 2010].
The model has several limitations, especially in the inner magnetosphere and in the self-consistency of the
magnetosphere-ionosphere coupling [see Ridley et al., 2010; Tu et al., 2014].
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Figure 2. The evolution of a field line from the solar wind to the nightside reconnection region, (a) seen from the Sun
and (b) down on the Northern Hemisphere. The color bar represents time with 30 s between each field line. Immediately
after dayside reconnection, the field lines are forced dawnward by the tension (equation (2) and Figures 1a and 1b).
After about 20 min the field is forced duskward by the accumulated pressure in the northern dawn lobe (Figure 1c).
(c) The flux transport in the y direction, (v⟂B)y . The three vertical lines are colored in accord with the time code: blue,
green, and red (shown as bold colored lines in Figures 1a and 1b) represent positions during the trace, for visualizing
purpose only. The first 20 min the flux transport is directed dawnward, corresponding to the tension, followed by
duskward transport due to pressure.
The solar wind conditions during the model run are BZ = −10 nT and VX = −400 km/s with zero dipole tilt.
The IMF By is zero on the first 30 min of the run, followed by By = 10 nT on the remaining 2.5 h. Start time
(t = 0) is defined as the time IMF By arrives at the dayside magnetopause. The data have been produced by
Community Coordinated Modeling Center (CCMC) and are available as run number Paul-Tenfjord-032514-1.
We trace field lines as they evolve in time by using their perpendicular velocity at some initial time to calculate
the location of the field line 30 s later. We also project the foot points of the field lines, by tracing the field
lines to 3 RE (model constraint) radius and use simple dipole mapping from this altitude. We acknowledge
that the method relies on the field not departing from a dipole configuration between the surface and the
3 RE altitude. We use the method to quantify the asymmetry of the foot points, defined to be the deviation
(in ΔMLT) from a purely symmetric configuration. The deviation can be both latitudinal and longitudinal; we
focus on the latter, often associated with IMF By . We discuss the dayside and the nightside separately.
3.1. By on the Dayside
In Figures 2a and 2b we follow a field line in the Northern Hemisphere from the solar wind to the nightside as
it evolves over time. The colors indicate time, with 30 s between each field line. Figure 2a shows the field lines
in the Y-Z plane. The solar wind approaches the magnetopause with a clock angle of 135∘.
After dayside reconnection the solar wind plasma carries open magnetic field lines with it, while the foot
points of these field lines remain anchored to the Earth. The transverse momentum from the solar wind flow
is transmitted to the foot points such that they eventually move laterally.
Due to IMF By , there exists an additional tension in the field line just after the dayside reconnection. The ten-
sion (related to the field line curvature: T⃗ = 휕
휕xj
(BiBj) = B2
n̂
RC
; see equation (2)) is directed dawnward in the
Northern Hemisphere (
dvy
dt
< 0) and duskward in the Southern Hemisphere as shown in Figures 1a and 1b.
Figure 2b shows the view in the Y-X plane. Due to the reconnection geometry of the terrestrial magnetic field,
the tension is stronger on the dusk side compared to the dawn side in the Northern Hemisphere (Figures 1a
and 1b). The tension term of equation (2) dominates over the pressure term. Immediately after dayside recon-
nection, the tension along x changes vy as described by the momentum equation (for Northern Hemisphere:
Bx
휕By
휕x
< 0, first term in equation (2)).
Figure 2c shows flux transport in the y direction along the arc length of each of the field lines. The tension
acts on the newly reconnected open field lines on the dayside at about ∼10 RE (arc length) during the first
8 min, seen in purple in Figure 2c. The part of the field lines outside the magnetosphere is not affected
(top left). This purple region extends earthward; this is the tension propagating along the field line earthward
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Figure 3. Magnetic pressure projected on a half sphere of size R = 8 RE , so that the center is at X = 8 RE , but the
outmost values are at X = 0 RE . (a) Magnetic pressure 5 min prior to IMF By = 10 nT. (b) Ten minutes after IMF By arrived
at magnetopause.
accelerating the plasma in the dawn direction. This Maxwell stress exerted on the ionosphere eventually
moves the ionospheric foot points in the dawnward direction, seen as purple between 5 and 20 min.
After about 10min, themagnetospheric part of thefield line (arc lengthbetween10and15RE) starts to experi-
ence the enhanced pressure in the northern lobe. Themagnetic pressure in the lobes is a result of asymmetric
loading of flux. The region of enhanced pressure is confined by the constant external stresses applied by the
magnetosheath flow against the magnetopause, essentially maintaining a circular cross section of the mag-
netotail. This localized region of enhanced pressure (seen in green at about 10 min in Figure 2c) will start to
force themagnetospheric plasma in the dusk direction ((v⟂B)y > 0). This transversemomentum is transmitted
to the ionosphere, forcing the ionospheric foot points in the dusk direction after about 25min. The field lines
are now forced duskward and at the same time converge toward the neutral sheet (see Figure 1c). Eventually,
they will reconnect with the approaching field lines from the southern lobes. The vertical colored lines in
Figure 2c are added for visualization purpose only, and they represent the three field lines with larger line
width in Figures 2a and 2b.
Figure 3 shows themagnetic pressure presentedon ahalf spherewith radius 8RE looking from the Sun toward
Earth. Figure 3a shows that the pressure distribution 5 min prior to IMF By has been introduced to the MHD
model. Figure 3b shows that the configuration 10min after IMF By = 10 nT. Figure 3b suggests that more flux
is eroded from the northern dusk and southern dawn high-latitude regions and added asymmetrically to the
northern dawn and southern dusk, respectively. The enhanced pressure in the northern dawn and southern
duskwill also displace the existing closed field lines in the region. In the northern dawn and southern dusk the
closed field lines will be compressed equatorward. The northern dusk and southern dawn are not affected.
This asymmetric forcingwill induce a latitudinal asymmetry in the foot points, as already noted in Cowley et al.
[1991] (see their Figure 2). Also associated with these asymmetric forces are the twisting of the dayside field
lines, which is analogous to an induced By . We agree with the conclusion ofWing et al. [1995] that the erosion
of magnetic flux at the high-latitude flanks on the dayside, combined with the newly opened flux added to
the dawn (for Northern Hemisphere, see Figure 3), will induce a By on the dayside. This in turn affects the
dayside reconnection by changing the reconnection geometry. The altered reconnection geometry is shown
in Figure 1b. The IMF reconnects with a twisted terrestrial field, causing an even greater tension on the newly
reconnected field lines; see Figure 1b.
To summarize the effect of a positive IMF By component on the dayside, the field lines are forced both dawn-
ward (by the tension) and at the same time tailward by the solar wind. Considerably more flux is added to the
dawn side of the noon-midnightmeridian compared to the dusk side in theNorthern Hemisphere. The closed
field lines on the dayside get twisted by the combination of erosion of flux at high-latitude flanks and by the
increase of magnetic pressure in the northern dawn and southern dusk. The induced By on the dayside has
the same sign as the IMF as sketched in Figure 1b and shown by Burch et al. [1985].
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Figure 4. Illustration of a field line as it evolves over time from dayside reconnection (1), convection in the lobe (2–5),
nightside reconnection (6), and earthward convection (7) (return flow) on dawn cell. Our starting point of the trace is the
field line at (6); from this approximate reconnection site we trace backward in time (1–5) and forward in (6–7). Colors
represent time. It takes approximately 45 min from dayside reconnection until the field reconnects again in the
magnetotail. From the start of the return flow, we follow the field lines about 50 min until the foot points become
symmetric again.
3.2. Nightside By
After this first phase, approximately after thefield linehas crossed the terminator plane, themagnetic pressure
terms in equation (2) dominate (see Figure 2). In this secondphase, the accumulated flux in the northern dawn
and southern dusk dominates the evolution of vy . For simplicity we can assume that all the y directed stress
after the dayside reconnection is stored in the system as magnetic pressure (under the assumptions that the
tension is removed in the passage from the dayside to the lobe, themagnetospheric pressure is confined and
Joule heating is negligible).
The region of enhanced magnetic flux in the northern dawn and southern dusk is localized close to the ter-
minator plane. The magnetic pressure localized in this region immediately forces both the incoming field
lines and the surrounding field lines to move. The accelerated plasma will extend spatially as a direct result
of the magnetosphere’s attempt to restore pressure balance. The distribution of induced By in the magneto-
tail (and on the dayside) is a consequence of magnetic pressure accelerating the plasma. Even though it may
appear that the asymmetric magnetic pressure is distributed far downtail, it is, in fact, the accelerated plasma
that extends, inducing By as the plasma propagates. The magnetic field is transported with the plasma in the
dusk (north) and dawn directions (south) in the magnetotail for IMF By > 0. At the same time the flux tubes
are convected toward the neutral sheet. This means that the plasma propagates toward the neutral sheet at
some angle (see Figures 4 and 1c). As this compression extends, it also affects the surrounding closed field
lines, thereby inducing a By in the tail, independently of a reconnection process. This has previously been
suggested by Khurana et al. [1996], as shown in Figure 1c. By the same arguments, this is also how the dayside
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Figure 5. Corresponding foot points for Figure 5. Filled circles
represent foot points in Northern Hemisphere and asterisk (∗)
for Southern Hemisphere. The two black stars mark the time
step when field lines go from open to close. The colors follow
the colors in Figure 4. The flow (evolution of the foot point) in
the north coincides with the crescent-shaped banana
convection cell and is forced further toward dusk compared to
the southern foot point. Eventually, as the foot points are forced
toward lower latitudes (magnetospheric flow earthward), the
northern foot points catch up with the southern foot points and
they continue their convection toward the dawn-dusk meridian
with symmetric foot points.
induced By arises. We also note that since the
dayside field lines are twisted, the increased ten-
sion of the newly reconnected field lines results
in an even greater magnetic pressure added to
the lobes (see Figure 1b).
In Figure 4 we show the evolution of a newly
reconnected field line (6) in the magnetotail
viewed from the tail and rotated slightly toward
dusk. From this approximate reconnection point
we trace both backward and forward in time.
Following the field lines backward in time (1–6),
we trace them to the approximate same field
line in the solar wind. However, we note that
the convection over the Southern and Northern
Hemispheres does not take the exact same
amount of time, and we can therefore not claim
that it is the same field line. Tracing forward in
time (6–7), we observe an earthward and dawn-
ward convection.
In Figure 5 we present the projected foot points
of the field lines in Figure 4. An asterisk (∗) rep-
resents the foot points in Southern Hemisphere
and filled circles the Northern Hemisphere.
As mentioned the field lines start off at the
approximate same field line in the solar wind.
The foot points on the dayside after reconnec-
tion in Northern and Southern Hemispheres
have asymmetric positions of∼2 h (12 h and 10 hmagnetic local time (MLT), respectively), which is a signature
of the twisted daysidemagnetic field. Immediately after dayside reconnection, the foot point in the Northern
Hemisphere convects dawnward, while the foot point in the Southern Hemisphere moves duskward. After
about 25min (see Figure 2c) the northern foot pointmoves in the duskward direction; directions are reversed
in the Southern Hemisphere. As the field lines approach the neutral sheet (4–5 in Figure 4), at the angle
dictated by the pressure distribution, the field lines reconnect. In Figure 5 the two black markers (∼78∘
latitude) show the position of the start of the trace, which is a newly reconnected field line (6 in Figure 4).
They reconnect with asymmetric foot points. As they dipolarize and convect earthward (6–7 in Figure 4), the
asymmetry increases, which is due to the distribution of the pressure forces. Eventually, the flux tubes are
forced either dawnward or duskward by the plasma and magnetic pressure forces surrounding the Earth.
As the flux tube starts to convect dawnward (green colormarkers), the foot point in the Northern Hemisphere
is around 0 MLT, while the southern foot point is at 1 MLT. As time evolves, the foot points become more
symmetric again, meaning that the azimuthal flow in the north has caught up with azimuthal flow in the
Southern Hemisphere. Asymmetric azimuthal flows represent the large-scale rectifying of a twisted flux tube,
which necessarily need to be accompanied by asymmetric Birkeland currents. In the next section, we will
discuss how these differences in azimuthal flow relate to Birkeland currents on conjugate field lines.
Before we summarize the effects of IMF By on the nightside, the following question arises: how does recon-
nection manipulate the system, and which field lines actually reconnect? As shown above it is the force
balance in the magnetosphere that dictates where the field lines from the different lobes converge. That
is, the pressure distribution in the tail determines the direction in which the flow approaches the neutral
sheet. As shown in Figure 5 the global MHD model suggests that they do indeed reconnect with asymmet-
ric foot points. We acknowledge the uncertainty in both the location, tracing and of the model, in general,
regarding details. There are uncertainties in the diagnostic methods which are very difficult to quantify; for
instance, small errors may link two different field lines in the tracing procedure [Song and Vasyliu¯nas, 2010].
The errors could also accumulate along the trace resulting in a large uncertainty. This is especially important in
reconnection regions where the topology rapidly changes. Even though not able to quantify the uncertainty,
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Figure 6. A flux tube on closed field lines with asymmetric foot points convecting on the dawn convection cell during
IMF By > 0 conditions. (a–c) Pressure, tension, and asymmetric foot points into the dawn cell. (a′ and b′) The associated
current systems seen from dusk. Figure 6a shows closed field line in midtail region around X ∼ −17 RE experiencing the
asymmetric pressure from the lobes ∇Pmag which is balanced by the tension T⃗ . Figure 6a′ shows currents closed locally.
Figure 6b shows that field line convects earthward and is affected by the pressure (plasma and magnetic) surrounding
Earth ∇P0. Now the forces do not balance. In the Northern Hemisphere these forces point in the same direction. Hence,
most of the stress is transmitted into this hemisphere, and the northern foot point will catch up with the southern
counterpart to restore symmetry. Figure 6b′ shows a stronger current system deposited into the Northern Hemisphere,
compared to the Southern Hemisphere. Figure 6c shows the Northern Hemisphere catching up with the southern foot
point, making them symmetric. (d) View from magnetotail toward the Sun and shows the relaxation of the field line
from Figures 6b to 6c.
we are confident that foot points in Figure 5 describe the behavior properly for the following reasons:
(1) the evolution of the foot points is smooth and consistent. (2) Retracing the field lines after a small change in
the location and a temporal shift reveals a comparable pattern. Nevertheless, our main point is the role of the
pressure distribution, forcing the flux tubes in the y direction asymmetrically between the lobes. We interpret
the morphology of reconnected field lines as a consequence of these asymmetric forces. We emphasize that
the newly reconnected flux tube will continue to experience these forces, and in addition, the magnetic field
strength increases as the field line dipolarize according to equation (4). This means that closed field lines
present before IMF By arrived will also have an induced By independently of tail reconnection. In the next
section we discuss this more thoroughly, including the resulting Birkeland currents.
3.3. Ionospheric Convection
In this section we review the consequences of the above asymmetric magnetospheric forcing for the prop-
erties of flows in the ionosphere. An illustration of the convection patterns for Northern and Southern
Hemispheres is shown in Figure 6a for IMF By > 0. In the presence of IMF By the normal two-cell convec-
tion pattern is modified into what is known as banana and orange cells [Heppner, 1972; Mozer et al., 1974;
Heppner and Maynard, 1987; Cowley et al., 1991; Haaland et al., 2007; Grocott and Milan, 2014]. A crescent
banana convection cell is seen on the dawn cell in the Northern Hemisphere, while the convection cell on
the dusk side has a more rounded orange shape (opposite for Southern Hemisphere). The banana-shaped
convection cell can extend into the premidnight and postnoon regions (see Figure 6a and Figure 5).
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The shape of convection cells is determined by the imposed force from the magnetosphere. On the dayside
the tension on the newly opened field lines is forced dawnward in the Northern Hemisphere and southward
in the Southern Hemisphere; see red arrows in Figure 6a. The associated J⃗ × B⃗ force is transmitted down to
the ionosphere accelerating the ionospheric plasma in the direction dictated by the imposed force, resulting
in the crescent dawn cell and rounded dusk cell in the Northern Hemisphere. On the nightside it is the pres-
sure distribution in the lobes that forces the ionospheric convection duskward. When we follow a field line
from the nightside reconnection region as it convects toward Earth, the pressure (∇P0-plasma plusmagnetic)
surrounding Earthwill force the field line to convect either on the dawn cell or the dusk cell. In the next section
we discuss the associated current system required when the flow proceeds on a banana cell in the Northern
Hemisphere and on an orange cell in the Southern Hemisphere. This corresponds to the dawn cell for IMF
By > 0.
Finally, we notice that we have considered dayside reconnection alone as the source of the asymmetric pres-
sure distribution in themagnetosphere, which in turn induces By . In fact, there are othermechanisms that can
produce By , such as warping of the plasma sheet [Russel, 1972; Tsyganenko, 1998; Liou andNewell, 2010], lobe
reconnection, magnetotail twisting, and tilt effects [Petrukovich et al., 2005; Petrukovich, 2011]. Also, we have
not included nor discussed any consequences of ionospheric properties such as conductivity, conductivity
gradients, and/or other ion-neutral interactions. We note that the effects of these processes may amplify or
mitigate the signatures of the mechanisms.
4. Generation of Birkeland Currents Due To By
In this section we discuss the asymmetric Birkeland currents on the nightside, arising as a consequence of
an induced By component in the magnetosphere. By definition, Birkeland currents transmit the transverse
momentum (i.e., magnetic tangential stress) and energy from the source region to the region of dissipation,
along magnetic field lines [Iijima, 2000].
That is, the Birkeland currents are a consequence of perpendicular (to B) perturbations along the magnetic
field lines. The closure current (Pedersen current) is at thewavefront of the associatedAlfvènwave. The electric
current is a result of the interplay of the forces in themomentum equation. Since the associated electric fields
and current play no role in the dynamics (they are created anddriven by the varying B and v [Parker, 2007]), we
argue that the ionospheric signatures are better understood in terms of forces and flows. For this reason it is
reasonable to discuss the force balance in context of the Birkeland currents. The Birkeland currents transport
the tangential stress from the source in the tail, which is a result of asymmetric loading of flux.
4.1. Asymmetric Birkeland Currents
We now present a framework in which we predict asymmetric Birkeland currents as a result of induced By .
In Figures 6a–6c we show a conceptual illustration of a field line in the magnetotail at different stages of its
evolution. We consider a field line that convects along the dawn cell.
In this illustration By is defined as finite and positive inside the boxes (Figures 6a
′ and 6b′) and zero elsewhere.
The gradients of By along the x direction are clearly defined as step functions at the boundaries, and the
resulting Birkeland currents (violet arrows) are represented as infinitesimally thin sheets (Figures 6a′ and 6b′).
In reality the limits of the perturbation are not so impulse like and distributed over a larger area.
Figures 6a and 6a′ show a closed, midtail field line in the magnetotail region. The asymmetric loading of flux
to the lobes exerts an asymmetric pressure on the field line, directed duskward in the northern lobe, and
dawnward in the southern lobe. The foot points of the field line are asymmetric. The field line is twisted by
the magnetic pressure. An opposing tension acts to balance the magnetic pressure −∇Pmag (Figure 6a and
equation (2)). These forces could, in general, balance, resulting in a force-free configuration. The current sys-
tem of such an equilibrium is shown in Figure 6a′. In this situation, the current system is locally closed, the
perturbation is not propagating, and currents are dissipationless. In the midtail region, the closed field lines
are highly nondipolar; magnetic tension forces the field lines earthward; see Figures 6b and 6b′. Due to the
finite extent of the magnetic pressure distribution in the lobes, the force acting on the flux tube is now dom-
inated by the combined magnetic and particle pressure surrounding Earth, −∇P0. This force acts radially
outward from Earth. The twisted field line can now start to relax. In Figure 6b,−∇P0 is directed parallel to the
tension in the northern lobes and antiparallel to the tension in the southern lobe. The current system for this
situation is shown in Figure 6b′. Thenorthernpart of thefield linedeposits themajority of the tension stored in
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the flux tube to the Northern Hemisphere, since−∇P0 and the tension T⃗ act in the same direction (Figure 6b).
The current system propagating down to the northern ionosphere is therefore larger than in the Southern
Hemisphere. We stress that the current systems illustrated here are isolated from the “normal-” driven Region
1 (R1) and Region 2 (R2) systems. If the current system belonging to Figure 6b were to be superimposed with
the return flow-generated R1 andR2 currents, the resultwould be two current systemswith equal (symmetric)
direction but with different magnitude. Figure 6c shows the situation when the flux tube has relaxed and the
foot points are again symmetric. In this configuration the foot point in the Northern Hemisphere has moved
faster to catch up with the foot point in the south. That is because the magnetosphere imposed a stronger
flow dawnward in the northern lobe (as we showed in Figure 5), resulting in a stronger Pedersen current to
propagate downwhich in turn accelerates the ionospheric plasma. The flux tubewould then continue to con-
vect without tension and with symmetric foot points toward the dayside. Figure 6d shows the flux tube as
viewed from the tail toward the Sun, corresponding to Figures 6b and 6c. Here we have emphasized that the
northern foot point will move a larger distance and hence faster, compared to the Southern Hemisphere.
It is important to include thedynamics of themechanism.During the evolutionof the twistedfield line it expe-
riences different forces (varying amount of pressure gradient and curvature andEarth’s surroundingpressure),
and only when one views these different interactions in a unified way are we able to describe themechanism
properly.
Consequently, one would expect to observe a pair of asymmetric Birkeland currents connecting to the two
hemispheres, not necessarily crossing the neutral sheet. The source of the tangential stress is in themagneto-
tail region, and it is oppositely directed in the northern and southern lobes. The stress from the source region
is transmitted to the ionosphere via Alfvèn waves. The force balance exists between each ionosphere and the
magnetotail separately. The forces and energymaybedistributed asymmetrically; for IMF By > 0 a larger stress
will be transmitted to the northern postmidnight region, and southern premidnight, which should result in
asymmetries in both currents, azimuthal flows, and auroras.
We note that each ionospheremay respond differently to appliedmagnetospheric stress owing to differences
in ionospheric properties [Tu et al., 2014].
4.2. Interhemispheric Currents
In this section we present the proposedmechanism by Stenbaek-Nielsen andOtto [1997], where they suggest
that observed hemispherical difference in the aurora is a consequence of interhemispheric currents.
An interhemispheric current is defined as a current flowing between two conjugate ionospheres [Lyatskaya
et al., 2014]. We also discuss why we do not agree with their conclusions on the existence of an interhemi-
spheric current driven by the magnetosphere.
As first suggested by Stenbaek-Nielsen and Otto [1997], the induced By is not distributed uniformly in the
closed magnetosphere but tends to increase toward the Earth due to the pileup of magnetic flux toward the
inner edge of the plasma sheet, as illustrated in Figure 7. This has been shown empirically. On the nightside,
Wing et al. [1995] found that 79% of the IMF By induces a By component at X = −6.6 RE , for−30 < X < −10 RE
Lui [1984] found 50%, and further downtail between −33 < X < −20 RE Fairfield [1979] found the induced By
component to be 13%of the IMF By strength. This canbeunderstood in terms of the forth term in equation (4);
for steady flow and no shear flows the change of By is given by
dBy
dt
= v⃗ ⋅ ∇휌. The second assumption would
be valid if By on closed field lines on the nightside was due to reconnection with asymmetric foot points only
[e.g., Stenbaek-Nielsen and Otto, 1997]. If so, as the closed field lines convect earthward, they would experi-
ence a positive gradient in the density and thereby intensify By (alongwith Bx and Bz). However, we argue that
By is induced by the shear motion created by the asymmetric loading of flux from the dayside, and therefore,
the three first terms in equation (4) should be included. This is further supported by the short response time
discussed in section 6.
On field lines with L value <∼6 RE , the field again becomes symmetric. Stenbaek-Nielsen and Otto [1997]
suggested that due to Ampere’s law, a gradient of By along the x axis implies a current along the z axis
(see Figure 7), forming an interhemispheric current. This mechanism is shown in Figure 7 for the case of IMF
By positive. The direction of the currents in Figure 7 is consistent with those shown in Figures 6a
′ and 6b′.
However, we do not agree with the terminology used in Stenbaek-Nielsen and Otto [1997], and we argue that
the system can be properly understood onlywhen the dynamics are included.We argue that the currents pro-
posed by Stenbaek-Nielsen and Otto [1997] are not interhemispheric currents. They are not interhemispheric
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Figure 7. (a) Illustration of induced By > 0 in the closed
magnetosphere and how the pileup region results in a gradient
in By , which would according to the authors result in an
interhemispheric current (remake of Stenbaek-Nielsen and Otto
[1997, Figure 4]). (b) View from the magnetotail toward the Sun.
in the sense that they cross the neutral sheet
(or equatorial plane) or that the pressure bal-
ance exists between the foot points in each
hemisphere.
Instead, we consider this as two pairs of currents
systems. The opposite-directed stresses from
the magnetospheric source region (Figures 6a′
and 6b′ red and blue arrows) are exerted on
each ionosphere. However, the force balance
does not exist between the two ionospheres
but between the near-Earth magnetosphere
and each ionosphere separately. Themagnitude
of the currents in these two current systems
is determined by the forces and energy flux
which are asymmetrically shared between the
magnetospheric source plasma and the two
ionospheres. By arguments given above there
should be no net Birkeland current flowing
between the two hemispheres. Instead, a pair of
flux tubes carrying balanced Birkeland currents
closes by transverse currents in each ionosphere
as well as in the source region near the equator (Figure 6). In Figure 6 the magnitude of the currents in the
two systems has different magnitude due to the pressure surrounding Earth (∇P0) opposing the stress in one
hemisphere and is parallel in the other. We note that any additional ionospheric asymmetries, such as dif-
ferences in conductivity between the hemispheres, could enhance or mitigate the asymmetry of the current
magnitudes.
We suggest that the term interhemispheric currents should be reserved to explain situations where one
ionosphere is active (source) and is driving a current to opposite ionosphere. In such a situation the force
balance exists between the two foot points, and the current does, in fact, cross the equatorial plane.
5. Observation of Asymmetric Birkeland Currents
The Active Magnetosphere and Planetary Electrodynamics Response Experiment (AMPERE) provides global
continuous sampling of the magnetic field perturbations [Anderson et al., 2000; Waters et al., 2001; Korth
et al., 2004; Anderson et al., 2008]. We constructed statistical maps sorted by IMF By > 0. We use the stability
criteria defined by Anderson et al. [2008], requiring only slowly changing currents. We note that the signatures
discussed below are also clearly seen without the stability criteria.
The dayside R1 and R2 currents are modulated by the presence of IMF By . Figure 8 shows a statistical current
densitymap for theNorthern and southernHemispheres.Wediscuss theNorthernHemisphere and IMFBy > 0
unless stated otherwise. The magnetosphere imposes a flow dawnward on the dayside (see Figure 2). This, in
turn, requires a corresponding Pedersen current. This closure current is transmitted by Alfvèn waves, and the
associatedBirkeland currents serve to transmit the energy andmomentum to the ionosphere. Upward current
corresponds to downward electrons flowing into the ionosphere, andwe expect auroral signatures. Opposite
behavior in the Southern Hemisphere results in asymmetric aurora. Ionospheric flows are a consequence
of momentum transport from the magnetosphere and therefore must be associated with Birkeland current
closing in the ionosphere. In the Northern Hemisphere, one observes a “R1” current flowing into (blue) the
ionosphere around noon around 휆 ∼75∘ and a current flowing out of the ionosphere (red) at higher latitudes.
These are signatures of an imposed dawn-directed magnetospheric flow, set up immediately after dayside
reconnection by the tension along the field line. The resulting J⃗ × B⃗ force in the ionosphere accelerates the
plasma dawnward in the Northern Hemisphere (see Figure 2) and duskward in the Southern Hemisphere.
This describes the sunward part of the banana convection cell in the northern dawn region (see section 3.3).
The dusk region convection cell has the characteristic orange shape.
On the nightside the signatures are seen as a rotation of the current systems between the hemispheres. The
relative rotation is about 2 hMLT, represented by the dashed lines in Figure 8. In order to compare the current
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Figure 8. Statistical AMPERE maps for Bz < 0 and By > 5 and a stability criterion > 0.45 [see Anderson et al., 2008]
in the (left) Northern and (right) Southern Hemispheres. Colors indicate current density (red: away from and blue: into
ionosphere), and arrows are the measured magnetic perturbations. The R1 and R2 current systems are rotated about 2 h
MLT on the nightside compared to non-By conditions as visualized with the dashed lines at ∼23 MLT and ∼1 MLT. The
red circles represent an example of two conjugate locations where the current density can be compared between the
hemispheres.
density between the hemispheres, we must first assess the asymmetry of the conjugate foot points (ΔMLT).
That is, in order to compare the current density at conjugate positions,wemust first determine the asymmetry
of the foot point (related to the twisting of the field) of the field lines. Studies byØstgaard et al. [2004, 2011b]
and Reistad et al. [2013] suggestΔMLT ∼ 1 h; this MHDmodel suggests approximately the same; Tsyganenko
models suggest only a fraction of that [Østgaard et al., 2007].
The two red circles in Figure 8 represent two comparable regions under the assumption of ΔMLT = 1 h. With
the assumption inmind, we believe that asymmetries in the nightside currents are seen in the AMPEREmaps.
This suggests asymmetric azimuthal flows,which havebeenobservedwith SuperDual Auroral RadarNetwork
[e.g., Grocott et al., 2007].
A study by [Østgaard et al., 2011b] showed the evolution of the asymmetry of the foot points (measured by
ΔMLT) during a substorm. The authors found that during the expansion phase of the substorms analyzed
the asymmetry disappears. Although, we do not agree with their theoretical arguments, in particular the
presence of a net field-aligned current between hemispheres and the role of ΔE∥ in the asymmetry of the
ionosphericmotion. Their observations are consistentwith themechanismwehavepresented,which is based
on magnetic tension and asymmetric azimuthal flows between the two hemispheres.
6. Response Time
An important question to understand the dynamics of the system is as follows: how long does it take to
produce the induced By in the magnetotail?
In our simulation model input the IMF By changes from 0 to 10 nT as a simple step function. Both the magne-
tosphere and ionosphere respond to the change by reconfiguring into a state consistent with the new IMF.
The reconfiguration time depends on density andmagnetic field strength and is therefore different in the var-
ious regions in the magnetosphere. Our estimates presented below are considered as the response time for
reaching a new equilibrium.
On the dayside, the twisting of the field lines will evolve as more andmore fluxes are removed from northern
dusk and added to northern dawn until it saturates with some “efficiency.” The closed field lines are
affected on the same timescale as the open flux is added to the magnetosphere. Figure 3 shows that
after only ∼10 min the pressure is distributed asymmetrically; this will in turn force the closed field lines
to twist effectively inducing a By on timescales less than 15 min. Figure 1b shows the dayside closed
field lines at L ∼7.5 RE approximately 20 min after IMF By arrived. On the nightside we have presented
model runs where we follow the field lines in time from the dayside reconnection and to the magnetotail.
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Figure 9. Closed field lines on nightside at L = 11 RE , 25 min after the
arrival of IMF By .
The model suggests that a newly recon-
nected field line on the dayside under-
goes tail reconnection after approximately
45 min. However, the buildup of asymmet-
ric pressure in the lobes is established on
much shorter timescales.We argue that the
magnetic pressure induced by the asym-
metrical loading of flux would induce a By
on the existing closed field lines. This
implies that the asymmetric pressure will
induce a By on the already present field
lines long before the actual field line recon-
nects in the tail. It is the compressional
waves that propagate perpendicular to the
magnetic field that affects existing mag-
netic field lines. The speed of fast-mode
waves has been reported to be about
900 km/s [Wilken et al., 1982]. We therefore
argue that the time it takes to induce a By in the closed magnetosphere is significantly less than the actual
convection time from dayside to nightside reconnection (see Figure 2). Figure 9 shows nightside closed field
lines at L = 11 RE just 25 min after IMF By arrived at the dayside magnetopause. The closed field lines are
clearly twisted, and the induced By has been established on timescales less than the convection time from
the daysidemagnetopause to nightside reconnection. Observationally, the lag time of the response from the
arrival of IMF at the magnetopause has been shown to be about 10 min on the nightside [Wing et al., 2002].
In a study comparing the IMF clock angle and substorm onset location, Østgaard et al. [2011a] found high-
est correlation when time shifting the data <10 min, which is also consistent with what we have described
and themodel results. The timing of themagnetospheric and convection response has also been thoroughly
discussed by Ruohoniemi et al. [2002]. A future project will use spacecraft data and modeling to confirm the
response timing.
7. Summary
In the current work we have addressed how IMF By modulates the dynamics and morphology in the magne-
tosphere and the resulting signatures in the ionosphere.
The process of inducing By on nightside closed field lines originates on the dayside. When the IMF possess
a By component, flux will be added asymmetrically to the magnetosphere via the dayside reconnection pro-
cess. The governing equations describing the coupling betweenmagnetospheric flow andmagnetic tension
and pressure are discussed in section 2. The asymmetric distribution of magnetic flux between the hemi-
spheres creates shear flows, acting to restore equilibrium, and will influence existing field lines on both the
dayside and nightside, effectively inducing a By component. TheMaxwell stress exerted on the ionosphere by
the tension and pressure of the displaced magnetic flux bundle distorts the ionospheric convection patterns
into the characteristic banana and orange cell patterns. We have emphasized the importance of including the
dynamical behavior of the system. As the field line convects from the midtail region, it initially experiences
asymmetric lobe forces, which twists the field lines. At a later time in the evolution it starts to experience the
pressure surrounding Earth which forces the field line to convect either dawnward or duskward, while the
lobe pressure is reduced. Eventually, the field line relaxes and tension in field line (induced by the lobe pres-
sure) is released mostly to one of the hemispheres. The result is asymmetric Birkeland currents at conjugate
foot points, consistent with the convection patterns. The magnetosphere’s response to the impact of IMF By
has been discussed, and from themodeling perspective we argue that By is induced on dayside on timescales
of a fewminutes and in tens of minutes for the nightside. We presented statistical current density maps from
AMPERE. We believe that asymmetric currents at conjugate foot points on the nightside are present in the
statistical maps. The underlying assumption is that the rotation of the current systems is smaller than the
relative shift of the conjugate foot points, since it is the current density in the conjugate foot points that
must be compared. Several studies have reported on fast nightside azimuthal flows associated with IMF By
[e.g., Pitkänen et al., 2015; Grocott et al., 2007, and references therein].
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Below we summarize the impact of IMF By on the magnetosphere and ionosphere system:
1. In the presence of IMF By ≠ 0, dayside reconnection results in a asymmetrical distribution of flux between
the hemispheres.
2. The asymmetricmagnetic pressure in the lobes leads to asymmetric plasmaflowsand thereby inducesBy on
closed field lines on both the dayside andnightside and forces asymmetric displacement of the ionospheric
foot points.
3. In the ionosphere, asymmetric azimuthal flows arise, manifested as convection on a banana cell in one
hemisphere and an orange cell in the other.
4. By is induced independently of nightside reconnection. It occurs on timescales less than20min for nightside
closed field lines.
5. Asymmetric Birkeland currents (connected to differentMLT locations in ionosphere) form as a consequence
of the field line convecting from a region of dominating magnetic lobe pressure to an area where the pres-
sure surrounding Earth is dominating. The tension is released into the hemisphere where the tension and
Earth pressure act in the same direction.
6. For IMF By > 0 we expect stronger currents in the northern postmidnight dawn region and in the southern
premidnight dusk region. For IMF By < 0 the signatures are reversed.
7. Rather than interhemispheric currents,we argue that the inducedBy results in pairs of asymmetric Birkeland
currents.
8. Signatures of asymmetric currents are seen in AMPERE, primarily as relative rotation of hemispheric
patterns.
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